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 DEEP: A Biofeedback Virtual Reality 




Anxiety disorders are among the most frequently 
diagnosed mental health problems in children, leading 
to potentially devastating outcomes on a personal level 
and high costs for society. Although evidence-based 
interventions are readily available, their outcomes are 
often disappointing and variable. In particular, existing 
interventions are not effective long-term nor tailored to 
differences in individual responsiveness. We therefore 
need a new approach to the prevention and treatment 
of anxiety in children and a commensurate scientific 
methodology to uncover individual profiles of change. 
We argue that applied games have a great deal of 
potential for both. The current paper presents results 
from a recent pilot study using a biofeedback virtual 
reality game (DEEP). DEEP integrates established 
therapeutic principles with an embodied and intuitive 
learning process towards improved anxiety regulation 
skills.    
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Figure 1: Two DEEP screenshots showing the virtual 
underwater world (left) and two pictures of children playing 
DEEP during the pilot study at the 2015 Cinekid Festival 
Medialab [41]. 
Anxiety disorders in children 
Anxiety disorders are among the most common and 
highly debilitating mental health illness. In the U.S., up 
to 32% of children and adolescents are affected by 
anxiety and about 18% are diagnosed with anxiety 
disorder [1]. Childhood anxiety is associated with a 
host of future problems, such as substance abuse, 
academic failure, risky sexual behaviours, and suicidal 
behaviour [2]. The impact of anxiety disorders is 
enormous, both on a personal level and in terms of the 
associated costs for society as a whole [3]. Clearly, 
effective prevention and treatment programs are 
urgently mandated but despite evidence-based 
psychological therapies being readily available, their 
outcomes are often disappointing and variable [4]. In 
particular, existing interventions are not effective over 
the long-term nor tailored to differences in individual 
responsiveness [5,6]. Furthermore, a serious barrier in 
conventional intervention techniques has been to 
engage people long enough to learn anxiety regulation 
skills, especially children [7].  
Altogether, we need a new approach to the prevention 
and treatment of anxiety in children and a 
commensurate scientific methodology to uncover 
individual profiles of change. Here, we present the in-
game data and initial results of a pilot study 
investigating the potential of a biofeedback virtual 
reality game (DEEP) as an intervention for anxiety in 
children. 
Anxiety regulation through breathing 
A key causal factor that contributes to anxiety disorders 
in children is physiological reactivity. Physiological 
reactivity is the body’s response to a stressor, as 
indicated for example by changes in heart rate and 
breathing [8,9]. Anxious children are characterized by 
hyper-arousal in response to stressors [10] and tend to 
avoid rather than confront them [11]. In contrast, 
physiological regulation refers to the capacity to 
regulate, or dampen arousal levels [12]. Breathing, one 
of the most fundamental physiological functions of the 
human body, is an integral component of physiological 
regulation [13]. Specifically, diaphragmatic breathing is 
a well-validated technique to help people relieve stress 
and tension [14, 15]. Relaxation and breathing 
exercises teaching people to breath slowly and steadily 
through their diaphragm are at the heart of many 
evidence-based psychological therapies for anxiety 
[e.g., 16, 17, 18]. 
 
Virtual Reality Therapy 
 
A key aspect of many 
evidence-based interventions 
for anxiety is exposure [e.g., 
22, 23, 24]. Exposure is also 
one of the most common 
therapeutic techniques that 
made its way to virtual reality 
applications. In particular, 
phobias such as fear of height 
[e.g., 25, 26] or fear of flying 
[e.g., 27, 28] are successfully 
treated using virtual exposure 
to the particular stress-
evoking situations. Additional 
successful applications of 
virtual reality exposure are 
treatments of post-traumatic 
stress disorder (PTSD) [e.g., 
29]. For example, exposing 
traumatized Vietnam-
veterans to flying a virtual 
helicopter over a virtual 
Vietnam or a surrounding 
jungle reduced the amount of 
reported traumatic feelings 
[30]. Implementing additional 
exposure-elements is the 
next step in developing DEEP 
as an intervention for 
children at-risk for anxiety. 
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 DEEP: A virtual reality biofeedback 
breathing game 
DEEP is a virtual reality (VR) game that situates players 
in a beautiful underwater fantasy world in which they 
can move around freely and explore at their leisure 
(see Figure 1; [19,20]). DEEP’s main aim is to provide 
an immersive and relaxing experience; there are no 
explicit tasks or goals for the players to attain. 
Moreover, DEEP provides personal breathing and 
meditation support by promoting diaphragmatic 
breathing through biofeedback [21]. Players’ diaphragm 
expansions are recorded (using a variable 
resistor/stretch sensor) and directly fed back into the 
game. As the player inhales properly, her diaphragm 
expands and the sensor resistance decreases. A 
microcontroller interprets the sensor readings and 
sends the data to the game where it is used in 
gameplay in a number of ways. First, players are 
instantly informed of the state of their breathing by an 
expanding and contracting circle before them (see 
Figure 2).  
Figure 2: Two screenshots of DEEP illustrating the way 
players’ breathing is visualised. The large circle to the left 
corresponds with an inhalation peak; the small circle on the 
right corresponds with an exhalation peak. 
Second, if the player’s lungs are at 50% capacity or 
less, gravity is applied. Third, the direction of breathing 
(i.e., inhaling versus exhaling) determines the direction 
and magnitude of force with which the player moves. 
When the player inhales, an upward force is applied, 
when the player is above the ground, a forward force is 
applied, and when the player exhales, an extra forward 
force is applied. Altogether, slow and deep breathing 
allows players to move better in the game thus 
providing en embodied and powerful motivation for 
diaphragmatic breathing.  
Motivation and hypotheses 
We believe DEEP has great potential as a possible 
intervention for anxiety in children: First, in contrast to 
standard ways of learning anxiety-regulation skills 
(e.g., through breathing or relaxation exercises), DEEP 
provides an immersive experience that is much easier 
to adhere to long-term, especially for children [7]. 
Second, the use of biofeedback and VR allows for 
embodiment of the learning process, which is known to 
improve retention of new skills [31]. Third, DEEP 
provides exposure to anxiety-inducing situations such 
as dark spaces and caves. Fourth, DEEP provides 
insight in players’ behaviour at a very fine-grained 
timescale, which has not been possible with 
conventional behavioural measures ([32], for more 
details on quantifying in-game dynamics, see side bar). 
Altogether, DEEP contains several evidence-based 
elements that have been shown to successfully reduce 
anxiety and does so in an immersive, inspiring game 
that captures children’s delight and curiosity. For the 
current study, we hypothesized that playing DEEP 
would reduce state-anxiety levels, increase positive 
affect and decrease negative affect. Furthermore, we 
were interested in uncovering individual profiles of 
learning of diaphragmatic breathing by measuring in-
game diaphragm expansion and test for catastrophe 
flags (see side bar).  
Using In-game Data 
 
One of the most-compelling 
reasons to use interactive 
technologies such as games 
to promote behavioral change 
is the possibility to measure 
human behavior at much 
smaller time-scales than is 
common within the 
behavioral sciences. For 
example, DEEP samples 
players’ diaphragm expansion 
at 60 Hz., which is of 
microscopic precision 
compared to e.g., 
observational data from 
therapy sessions. This in 
turn, makes in-game data 
very suitable for (nonlinear) 
analysis of the patterns of 
change that underlie global 
behavioral change. Here, we 
adopt a dynamical systems 
theory (DST) framework, the 
mathematical understanding 
of change and stability in 
dynamical systems. 
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 Pilot study at Cinekid 
We conducted a pilot study at the Cinekid Medialab, a 
large multimedia exhibition for children [41]. A total of 
86 children between 8-12 years old (M = 10.1, SD = 
1.4), 39% girls, 51% boys, played DEEP for 7 minutes. 
The particular length of play was motivated by previous 
experience that when given unlimited time, children in 
this age-group would play DEEP for at least this long. 
Participants were seated in a comfortable egg-shaped 
swivelling chair (see Figure 1) on a platform that was 
not accessible for others besides the players and 
experimenters. Before and after playing DEEP, we 
measured self-reported state-anxiety (using the State-
Trait Anxiety Inventory for Children, STAIC [42]), and 
self-reported positive and negative affect (using the 
Positive and Negative Affect Schedule, PANAS [43]). 
While children played DEEP, we collected players’ 
diaphragm expansions sampled at 60 Hz. Qualitative 
observations of players’ behaviour, breathing, and 
important events in the game were also collected. After 
participating in our experiment, children were asked to 
rate on a 7-point Likert-scale how much their 
experience of playing DEEP was described by the 
following terms: relaxing, great, boring, and whether 
they felt pressured during playing (adapted from the 
Intrinsic Motivation Inventory (IMI), [44]). 
  
Experience rating 
Figure 3 displays the results of the experience rating, 
which were overwhelmingly positive. Moreover, 
importantly for the VR context, the vast majority of 
children (84%) reported no signs of nausea at all, 
suggesting DEEP is much more accessible and feasible 
to implement compared to many VR designs [45]. 
 
Figure 3: Experience rating of playing DEEP during pilot study. 
 
DEEP’s effect on anxiety and affect 
Comparing players’ self-reported state-anxiety before 
and after playing DEEP for only seven minutes, resulted 
in a significant decrease in self-reported state-anxiety, 
t(85) = 2.02, p = .046. This confirms our hypothesis 
and suggests that DEEP could indeed be an effective 
intervention for children at-risk for anxiety disorders. 
Unexpectedly, comparing positive affect (PA) and 
negative affect (NA) ratings before and after playing 
DEEP did not result in any significant differences (PA: 
t(85) = .25, p = .805; NA: t(85) = -.20, p = .841). 
This may be explained by the larger context in which 
the DEEP pilot experiment was embedded. The 
Medialab is an exciting and fun place and our 
participants may have already been experiencing low 
(high) levels of negative (positive) affect. Indeed, NA 
scores were relatively close to the minimum (M = 13.0, 
SD = 4.4, min. = 5.0). PA scores on the other hand 
were similar to baseline values [46], (M = 36.4, SD = 




DST has gained traction 
among developmental 
researchers [e.g., 33, 34, 
35]. A crucial DST finding is 
that behavioral change is 
often nonlinear and 
accompanied by catastrophe 
flags, dynamical markers of 
change that can be detected 
empirically [32, 36, see e.g., 
37, 38, 39, 40 for empirical 
work]. One of our long-term 
objectives is to use 
automated detection of these 
markers to uncover individual 
profiles of change in learning 
diaphragmatic breathing 
skills. From this, we aim to 
develop a monitoring system 
that incorporates real-time 
in-game information to 
dynamically adjust the game 
environment to individual 
learning trajectories. For 
example, by becoming less 
challenging when breathing is 
stable but shallow or shifting 
to more challenging context 
when breathing stabilises 
after a nonlinear transition 
into diaphragmatic breathing.  
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 Breathing patterns 
Figure 4 displays the diaphragm expansion recorded for 
twelve randomly selected participants. There are large 
qualitative differences between the signals, suggesting 
a strong idiosyncrasy among individual players in the 
way they respond to DEEP. In order to gain more 
insight into the relationship between these patterns and 
players’ responsiveness, we compared diaphragm 
expansion patterns with experimenter observations.  
 
Figure 4: Breathing data (sampled at 60 Hz., 400 samples 
equals 6 minutes and 40 seconds) of twelve randomly selected 
participants.  
Figure 5 displays three examples demonstrating the 
match between characteristic diaphragm expansion 
patterns and the observed breathing quality and 
behaviour of the players. Particularly interesting is the 
middle panel; this player quite suddenly transitioned 
into diaphragmatic breathing during gameplay, which is 
exactly what we would hope to see when using DEEP as 
an intervention for anxiety.  
 
 
Figure 5: Diaphragm expansion signals of three participants 
combined with the qualitative assessments of the experimenter 
demonstrating the match between quantitative and qualitative 
breathing quality and behavior. 
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 Furthermore, this transition seems to be anticipated by 
a short peak in variability just seconds before. This 
suggests that qualitative changes in breathing may 
indeed be anticipated by catastrophe flags. 
Future research 
Results of the pilot study demonstrated that playing 
DEEP reduces state-levels of anxiety in children and 
thus confirmed its potential as an intervention for 
anxiety. However, additional research is warranted. 
Specifically, we are planning to replicate current 
findings in a controlled laboratory setting and include 
cognitive performance outcome measures as well (e.g., 
automatic processing [47] and working memory [48]). 
Additionally, we aim to gain more insight into the effect 
of exposure-elements in DEEP and finding ways to 
strengthen this effect. 
With respect to the in-game breathing data, we are 
currently investigating the possibility of segmentation. 
Preliminary analysis of the diaphragm expansion and 
observational data suggest that there may be four 
qualitatively different individual profiles; 1) players that 
are new to diaphragmatic breathing and do not develop 
the skill through playing DEEP (e.g., Figure 5, lower 
panel), 2) players that are new to diaphragmatic 
breathing and who display a sudden transition into it 
(e.g., Figure 5, middle panel), 3) players that are new 
to diaphragmatic breathing and who display a gradual 
transition into the new skill, and 4) players that already 
understand diaphragmatic breathing. Further analysis is 
required to confirm these characterisations and to find 
a suitable segmentation. Furthermore, we aim to 
investigate the presence and possibility of automated 
detection of catastrophe flags, dynamical markers 
predictive of change [32, 36]. 
Ultimately, we aim to characterise individual breathing 
patterns in real-time in order to dynamically-adapt the 
virtual environment to each individual player’s needs. 
We expect that tailoring DEEP this way and 
incorporating DEEP into existing (e.g. cognitive 
behavioural therapy) interventions will significantly 
push effect sizes and help reduce anxiety in children.  
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